The bidirectional transport between the Golgi complex and the endocytic pathway has to be finely regulated in order to ensure the proper delivery of newly synthetized lysosomal enzymes and the return of sorting receptors from degradative compartments. The high complexity of these routes has led to experimental difficulties in properly dissecting and separating the different pathways. As a consequence, several models have been proposed during the past decades. However, recent advances in our understanding of endosomal dynamics have helped to unify these different views. We provide here an overview of the current insights into the transport routes between Golgi and endosomes in mammalian cells. The focus of the Commentary is on the key molecules involved in the trafficking pathways between these intracellular compartments, such as Rab proteins and sorting receptors, and their regulation. A proper understanding of the bidirectional traffic between the Golgi complex and the endolysosomal system is of uttermost importance, as several studies have demonstrated that mutations in the factors involved in these transport pathways result in various pathologies, in particular lysosome-associated diseases and diverse neurological disorders, such as Alzheimer's and Parkinson's disease.
Introduction
The bidirectional transport between the trans-Golgi network (TGN) and endosomes is one of the key vesicular trafficking pathways in the cell. Several different molecules, including newly synthesized enzymes, and sorting receptors and lipids, as well as bacterial toxins, have been described to travel between these compartments by using distinct routes. Obtaining a proper distinction and clear separation between all these routes has been challenging for a long time and different models have been suggested. For example, two main retrograde pathways have been described, one originating from early endosomes and the other from late endosomes, but the elucidation of the transport routes in the opposite direction (that is from the Golgi to endosomes) has been even more arduous. However, recent technologies and advances in microscopy techniques have heavily contributed to the recent progress in further elucidating these pathways (Box 1).
The TGN acts as the hub of these pathways, representing both the starting point for the sorting of newly synthesized proteins and the arrival of proteins from the endosomal pathway. A plethora of proteins and lipids are delivered from the TGN to the endosomes. These include transmembrane sorting receptors, such as mannose 6-phosphate receptors (MPRs) and sortilins (Vps10p domain receptor family), which deliver newly synthesized enzymes to the endosomes, lysosomal membrane proteins, for example, lysosomeassociated membrane proteins (LAMPs) and lysosomal integral membrane protein 2 (LIMP-2, also known as SCARB2), nutrients and ion transporters. Vice versa, the transport route from endosomes to the TGN is used by sorting receptors that are recycled back and by some toxins, including Shiga, cholera and pertussis toxins and ricin (Plaut and Carbonetti, 2008; Sandvig and van Deurs, 2005; Utskarpen et al., 2006; Wernick et al., 2010) . All these molecules use a number of different routes to reach the TGN by interacting with different protein complexes, including those containing Rab proteins and their effectors, the retromer complex, clathrin and adaptor protein-1 (AP-1), (Matsudaira et al., 2015) . Other proteins that are transported between endosomes and TGN include the endopeptidase furin, TGN46 (also known as TGOLN2, the human homolog of the rat TGN38) and certain SNAREs (Burd, 2011) .
Previously, the routes between TGN and endosomes have been divided according to the type of endosomes involved into the earlyendosome-to-TGN pathway with the retromer complex as the main regulator (Arighi et al., 2004; Mallard et al., 2002; Seaman, 2004) , and the late-endosome-to-TGN pathway, which is mediated by Rab9 (the Rab9a isoform) and TIP47 (also known as PLIN3) (Carroll et al., 2001; Pfeffer, 2009 ). This division was mostly based on the notion of early and late endosomes as being static compartments that are connected by vesicular carriers. However, a more recent view of the endosomal pathway acknowledges endosomes as a continuum of maturing vesicular membranes, and provides new insights into the different routes that connect the endosomal system to the TGN (Hutagalung and Novick, 2011; Rink et al., 2005; Skjeldal et al., 2012) . In this Commentary, we present the most recent findings on the factors and mechanisms that regulate the bidirectional transport between the continuum of maturing endosomes and TGN. We will in particular focus on Rab proteins, which are central regulators of intracellular transport (Fig. 1) .
Sorting receptors and lysosomal membrane proteins
The best-characterized transport cargo proteins that have been used to study the pathways between endosomes and TGN are the sorting receptors, mannose-6-phosphate receptors (MPRs). They are transmembrane proteins mainly localized in the TGN where they bind to the newly synthesized lysosomal enzymes and mediate their transport to the endolysosomal pathway. In addition to MPRs, other sorting receptors or lysosomal membrane proteins mediate the transport of lysosomal enzymes to the endosomal pathway. Although much is known regarding their structures and the sorting motifs presents in their cytoplasmic domains, which binds to adaptor proteins (APs) for the targeting to specific membrane domains (i.e. Golgi, plasma membrane or endosomes; see Box 2), it is less clear how their transport dynamics are coordinated in space and time. Below, we will briefly summarize what is known about these transport proteins. For more details, many excellent reviews Box 1. Novel techniques for the study of transport pathways between endosomes and the TGN The majority of the studies traditionally performed to dissect intracellular traffic routes have involved biochemical techniques, such as in vitro studies in cell-free systems or immunofluorescence analysis (Espinosa et al., 2009; Seaman, 2004) . The recent advances in microscopy, which allow the detection and the quantitative analysis of fast dynamic live events at high resolution, have provided new tools for the study of complex intracellular pathways, such as those occurring between the endosomes and TGN. The simultaneous use of different fluorescent proteins to visualize both cargo and endosomal compartments in live cells now allows experimenters to precisely define the timing and sequence of trafficking events and to therefore solve issues that for many years have been the subject of debates and controversies Kucera et al., 2016; van Weering et al., 2012) . In addition, several high-throughput methods have been developed in the past few years. For example, pulse shape analysis (PulSA) is based on the measurement of a pulse width by flow cytometry and has been used to track the internalization and transport of fluorescent proteins that follow the retrograde pathway. Here, differences in pulse width measurements indicate a difference in fluorescence patterns and therefore in protein localization Ramdzan et al., 2012) . This approach has the advantage of being able to very rapidly analyze changes in the intracellular distribution of fluorescently labeled molecules in single cells; this allows experimenters to monitor thousands of cells, as well as to sort and recover cells for further analysis. In addition, high-throughput small interfering RNA (siRNA) screens have made it possible to identify the multiple kinases and phosphatases that regulate MPR trafficking, as well as new components of the endosome-to-Golgi retrieval pathway including the multipass membrane proteins SFT2D2, ZDHHC5 and GRINA (Anitei et al., 2014; Breusegem and Seaman, 2014) . Another recent method is the so-called 'knock sideways' approach, which has been used to unravel the role of AP-1 in endosome-to-TGN trafficking (Hirst et al., 2012) . This method is based on depletion of the protein of interest from its functional sites by mislocalizing it to mitochondria (Robinson and Hirst, 2013) . Finally, correlative light and electron microscopy and super-resolution fluorescence imaging are essential to further understand the sorting processes that occur at the intersection between the endocytic and biosynthetic pathways. These methods are in constant development, and lattice light-sheet microscopy, in particular, bears great promise for live imaging of cells (Chen et al., 2014; Legant et al., 2016) . Rab5 is present on early endosomes (EEs), and gradually lost during endosomal maturation. Rab7a is subsequently recruited at this transition stage, and endosomes become late endosomes (LEs). Maturation involves the formation of intraluminal vesicles (ILVs) and ends in lysosomes (Lys). At the TGN, newly synthesized lysosomal enzymes bind to sorting receptors, which are transported to the maturing endosomes. Rab9 and the retromer are responsible for the transport of sorting receptors and are recruited on endosomes at the transition between early Rab5-positive and late Rab7a-positive endosomes. When the endosomal pH becomes acidic, sorting receptors release the lysosomal enzymes in the endosomal lumen, and are recycled back to the TGN. Rab7b mediates the retrograde transport of sorting receptors. A fraction of newly synthesized lysosomal enzymes escapes the TGN and reaches the plasma membrane, where they can be captured by sorting receptors and internalized by the endocytic pathway. Adaptor proteins involved in the different transport pathways are indicated in the boxes. (B) Precise intracellular spatio-temporal dynamics of Rabs as determined by live imaging. mCherry-Rab5 (in red) present on early endosomes is released during endosome maturation. Simultaneously, GFP-Rab9 (in green) is acquired on the same endosome. By analyzing a large set of such movies with several fluorescently labeled proteins, the various intracellular vesicular
EEs
MPRs from the endosomal pathway is mediated by the retromer complex (Arighi et al., 2004; Seaman, 2004) .
It has been long debated where exactly MPRs enter the endocytic pathway, with some studies suggesting the early endosomes, whereas others point to late endosomes (Ganley et al., 2008; Mari et al., 2008; Medigeshi and Schu, 2003; Rohn et al., 2000; Varki and Kornfeld, 2009 ). Our recent findings now help to unify the discussion, as by using live imaging, we have been able to show that MPRs reach early endosomes just before their Rab5 (the Rab5a isoform) coat is lost and the Rab7a coat is acquired (Kucera et al., 2016) . This is in line with earlier work that demonstrated that the recruitment of the retromer to endosomal membranes is regulated by the Rab5-to-Rab7a switch (Rojas et al., 2008) .
However, it should be noted that MPR-independent pathways for TGN-to-endosome transport have also been described (Blanz et al., 2010; Coutinho et al., 2012) . Indeed, studies on cells from patients with I-cell disease (a lysosomal storage disorder) have suggested the existence of an additional class of sorting receptors. This disease is characterized by mutations in the N-acetylglucosamine-1-phosphotransferase, the enzyme responsible for adding M6P residues to lysosomal hydrolases (see Table 1 ). As a consequence, enzymes lacking the M6P tag are secreted, instead of being transported to lysosomes. However, the lysosomal enzyme content is normal in some cell types from these patients, such as hepatocytes, Kupffer cells and lymphocytes, indicating the existence of MPRindependent pathways (Kollmann et al., 2010 ).
Vps10p-domain-containing receptors
A more recently identified family of sorting receptors is the Vps10p domain family, named after their homology to the luminal domain of the yeast sorting protein Vps10p (Marcusson et al., 1994) . Vps10p proteins are conserved throughout evolution from yeast to man, and in mammals they consist of five members: sortilin (also known as SORT1), SorCS1, SorCS2, SorCS3 and SorLA (also known as SORL1) (Coutinho et al., 2012; Willnow et al., 2008) .
The intracellular pathways by which sortilin and SorLA are trafficked between the Golgi and the endosomes are best characterized; they are synthesized as inactive precursors, which are unable to bind to their ligand until they are activated by furinmediated propeptide cleavage in the TGN (Munck Petersen et al., 1999) . In the TGN, both sortilin and SorLA are able to bind to ligands, which include neurotensin and lysosomal proteins, such as acid sphingomyelinase and sphingolipid activator proteins (SAPs), as well as cathepsin D and cathepsin H, and mediate their transport to endosomes after recruitment of GGAs and AP-1 through their cytoplasmic tails (Canuel et al., 2008; Coutinho et al., 2012; Lefrancois et al., 2003; Nielsen et al., 2001) . The ability of sortilin and SorLA to bind such a variety of diverse ligands explains why defects in their associated pathways are linked to different disorders that range from neurodegenerative to cardiovascular diseases (see Table 1 ).
Sortilin and SorLA are transported to endosomes in the same transport vesicles that contain MPRs (Mari et al., 2008) . The fact that sortilins and MPRs are localized in the same intracellular compartments and follow the same intracellular pathways is not surprising, considering that the sorting motifs in the cytoplasmic tail of sortilin and SorLA are closely related to those of CI-MPR (Mari et al., 2008; Nielsen et al., 2001 ). Sortilin and SorLA are also present at the plasma membrane, from where they can be internalized after binding to AP-2 and transported via the endosomal pathway to the TGN in a retromer-dependent way (Canuel et al., 2008; Nielsen et al., 2007; Willnow et al., 2008) .
Lysosomal membrane proteins
Another group of proteins that are delivered to the endosomal pathway from the Golgi and TGN are LAMP-1, LAMP-2 and LAMP-3 (also known as CD63), and LIMP-2. These so-called lysosomal membrane proteins (LMPs) have multiple roles in lysosome biogenesis and maintenance, as well as in lysosomal transport (Schwake et al., 2013) . LMPs are targeted to lysosomes by one of two alternative pathways: a direct one, from the TGN to lysosomes via endosomes, or an indirect one, in which they are first transported from the TGN to the plasma membrane and then internalized in the endosomal pathway (Braulke and Bonifacino, 2009) .
In contrast to the sorting receptors, which avoid the lysosomes and are retrieved from endosomes to the TGN, LMPs do not recycle back to the TGN. Indeed, LMPs contain different sorting signals in their cytoplasmic tails, either a tyrosine or di-leucine motif, and the adaptor responsible for their sorting at the TGN is AP-3 (Anitei et al., 2010; Chapuy et al., 2008) .
It is worth noting that the sorting motifs of LAMP-1 and LAMP-2 are also recognized by adaptor protein complexes AP-1 and AP-2 (Honing et al., 1996; Janvier and Bonifacino, 2005) . However, the role of AP-1 in the direct transport of LAMPs from TGN to endosomes has been the subject of debate. Indeed, even though LAMP-1 has been found in TGN-derived vesicles positive for AP-1 and clathrin (Honing et al., 1996) , LAMPs are also transported from the TGN to late endosomes in an AP-1-independent manner through carriers that are not coated with clathrin (Pols et al., 2013) .
Box 2. Adaptor proteins
The cytosolic tail of transmembrane cargo proteins contains sorting signals which are responsible for the recruitment of specific adaptor protein complexes (APs), heterotetrameric coat protein complexes. At present, five different APs have been identified that regulate the sorting of cargos in a compartment-specific manner. AP-1 mediates the transport from the TGN to endosomes. In addition, AP-1 has also been shown to function on endosomes, where it is involved in retrograde transport to the TGN (Hirst et al., 2012; Matsudaira et al., 2015) . AP-2 mediates clathrinmediated endocytosis. Although both AP-1 and AP-2 can bind to clathrin, AP-1 can also interact with additional proteins, such as PACS-1 and EpsinR (also known as CLINT1). The precise functions of PACS-1 and EpsinR are not well established, even though PACS-1 has been shown to be involved in the transport of furin and CI-MPR, whereas EpsinR appears to function as a cargo adaptor for SNAREs (Chidambaram et al., 2008; Crump et al., 2001; Miller et al., 2007; Mills et al., 2003; Scott et al., 2006) . The ability of AP-1 to interact with different proteins might explain its effect on multiple transport pathways. AP-3 mediates the transport towards lysosomes and lyososome-related organelles. It has been suggested that AP-3 not only works on endosomes but also at the TGN (Anitei et al., 2010; Gupta et al., 2006) . AP-4 mediates TGN-toendosome transport (Barois and Bakke, 2005; Burgos et al., 2010) , whereas AP-5 is present on late endosomes where it has a role in endosomal and lysosomal homeostasis (Hirst et al., 2015) . However, as AP-5 has only been identified recently, its exact function is still unclear. Another class of adaptors are the monomeric clathrin adaptors GGA1, GGA2 and GGA3. The Vps27p, Hrs and STAM (VHS) domain of GGAs binds to acidic-cluster-dileucine motifs present in the cytosolic tail of sorting receptors, thereby recruiting MPRs and other transmembrane proteins to newly formed carriers and thus mediating their transport between the TGN and endosomes (Braulke and Bonifacino, 2009) . GGAs also contain a GAT domain that is responsible for their interaction with Arf, as well as a 'hinge and ear' domain that binds to clathrin (Puertollano et al., 2001) . GGAs function together with AP-1 at the TGN for the sorting of MPRs and sortilin (Braulke and Bonifacino, 2009; Canuel et al., 2008; Doray et al., 2002) .
LIMP-2 contains a di-leucine residue that is responsible for recruitment of AP-3 and targeting to lysosomes (Honing et al., 1998; Ogata and Fukuda, 1994) . It has been shown that inserting the LIMP-2 residues that are responsible for AP-3 binding into proteins that are transported via the plasma membrane, for instance CD74, is sufficient to re-route them to direct endosomal sorting (Gupta et al., 2006) . LIMP-2 is involved in the transport of β-glucocerebrosidase (β-GC) from TGN to the late endosomes or lysosomes, where the enzyme is released due to the acidic pH (Zachos et al., 2012) . β-GC is defective in patients with Gaucher disease (see Table 1 ), one of the most common lysosomal storage disorders (Gonzalez et al., 2014; Hruska et al., 2008) . In addition, mutations in the human gene encoding LIMP-2 are responsible for action myoclonus -renal failure syndrome (AMRF), highlighting the importance of LMPmediated transport (Balreira et al., 2008; Berkovic et al., 2008; Gonzalez et al., 2014) .
Rab proteins
Sorting receptors and LMPs are transport cargos that traffic between the TGN and endosomes in tubular or vesicular transport carriers whose movement and specificity is ensured by a family of small GTPases, the Rab proteins. Rabs are master regulators of intracellular vesicular transport and more than 60 Rabs have been identified in humans, pointing to the complexity in the endomembrane system and trafficking pathways that has evolved in higher eukaryotes (Zhen and Stenmark, 2015) .
Rab proteins regulate all steps involved in membrane transport, from cargo recruitment to coat assembly, vesicle budding, motor recruitment and vesicle motility along the cytoskeletal filaments, as well as vesicle tethering and fusion with target membranes. As with other GTPases, Rabs cycle between an inactive (cytosolic) GDPbound state, to an active membrane-associated GTP-bound state. Several factors regulate the conversion into the GTP-bound or GDPbound form, including guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs), respectively. In their active form, Rabs normally typically interact with effector molecules, such as tethering factors, cytoskeleton motors, kinases, phosphatases and sorting adaptors (Hutagalung and Novick, 2011; Wandinger-Ness and Zerial, 2014) .
Rab GTPases are localized in different compartments, ensuring the functional identity of intracellular membrane compartments and regulating the specificity and directionality of the transport between different organelles. For examples, Rab5 regulates endocytosis and formation of early endosomes, whereas Rab7a enters the endocytic pathway at later time points to regulate the early-to-late endosomal transition, as well as lysosomal biogenesis and fusion (Bucci et al., 2000; Rink et al., 2005) .
Some Rabs also regulate the bidirectional pathways between Golgi and endosomes as the cell requires a tight regulation of the enormous flux of cargos between these compartments; these are discussed in detail below.
Rab9
Rab9 was identified more than two decades ago and was one of the first Rab proteins to be characterized (Chavrier et al., 1990) . Work from the Pfeffer group has suggested that the main role of Rab9 is to mediate the retrograde transport of MPRs from late endosomes to the Golgi, as Rab9 stimulates the transport between these two compartments in a cell-free system (Lombardi et al., 1993) . They have also demonstrated that a dominant-negative mutant of Rab9 decreases the delivery of cathepsin D to lysosomes, and increases the secretion of newly synthesized lysosomal enzymes. This is in line with altered receptor-mediated delivery of newly synthesized lysosomal enzymes from the TGN to lysosomes, supporting a model in which Rab9 is required for efficient lysosomal enzyme targeting (Riederer et al., 1994) . Indeed, Rab9 appears to be important for the proper morphology of late endosomes and lysosomes and their localization, as Rab9 silencing causes clustering of late endosomes and a reduction in their size (Ganley et al., 2004) , again pointing to a defect in the membrane flux towards the endocytic pathway.
Several Rab9 effectors have been identified, including p40 (also known as RABEPK), a factor that stimulates the retrograde transport of MPR in vitro (Diaz et al., 1997) . TIP47 was also suggested to be a Commonly used protein names are given in the Genes column in parentheses where these are different.
Rab9 effector that is involved in MPR recycling (Carroll et al., 2001) . However, more recent data argue against the involvement of TIP47 in Rab9-mediated MPR transport, as an exclusive role of TIP47 in lipid droplet biogenesis has been demonstrated (Bulankina et al., 2009 ). The golgin GCC185 (also known as GCC2), a tethering protein of the trans-Golgi network, is another Rab9 effector that has been suggested to be involved in MPR transport (Reddy et al., 2006) . Rab9, together with GCC185, has been shown to be required for an efficient late endosome-to-TGN retrieval of the endopeptidase furin (which cycles between the cell surface and the TGN through endosomes), but not of TGN38 (the rat homolog of human TGN46, also known as TGOLN2) (Chia et al., 2011) . Rab9 also binds directly to RhoBTB3, an atypical member of the Rho GTPase family, and mediates the docking of transport vesicles at the Golgi complex (Espinosa et al., 2009 ). RUTBC1 and RUTBC2 (also known as SGSM1) are other Rab9-binding proteins; however, the function of their interaction with Rab9 has not been fully characterized (Nottingham et al., 2011 (Nottingham et al., , 2012 . Interestingly, a recent report has demonstrated that the Rab9-RUTBC1 complex is required for the trafficking of melanogenic enzymes in melanocytes (Marubashi et al., 2016) . In line with this, Rab9 has been shown to be involved together with the biogenesis of lysosome-related organelles complex 3 (BLOC-3), another Rab9 effector, in syntaxin-13-mediated cargo transport from early endosomes to maturing melanosomes (Mahanty et al., 2016) . Therefore, a new role of Rab9 as a mediator of the transport towards lysosomes or lysosome-related organelles, such as melanosomes, is now beginning to emerge. Indeed, our recent live-imaging studies have allowed us to detect Rab9 on maturing endosomes before they have lost Rab5 and gained a Rab7a coat, therefore suggesting an additional role for Rab9 in the transport from Golgi to maturing endosomes (Kucera et al., 2016) . In agreement with this, it has been previously demonstrated that Rab9 binds to the Rab5 GAP SGSM3 (Gillingham et al., 2014) . As GAPs regulate the lifetime of the activated state of the Rabs, the interaction of Rab9 with a Rab5 GAP also points to an involvement of Rab9 in the early-to-late endosomal transition, possibly by contributing to the promotion of the Rab5-to-Rab7a conversion.
Rab7b
Rab7b has only been identified more recently and was initially named after Rab7 (which later was renamed Rab7a) owing to its sequence similarity with this protein (Yang et al., 2004) . However, we have since demonstrated that Rab7b is not an isoform of Rab7a and that it has a different cellular function in mediating endosometo-Golgi transport. Indeed, Rab7b localizes to both late endosomes and the TGN and Golgi . Furthermore, silencing of Rab7b increases the levels of late endosomal markers, inhibits cathepsin D maturation, and delays the retrograde transport of sorting receptors (sortilin and CI-MPR) and of the cholera toxin B-subunit Progida et al., 2010 Progida et al., , 2012 . All these effects are in line with the role of Rab7b in the endosome-to-Golgi transport and support the notion that, in general, Rab7b and Rab9 work in pathways with an opposite directionality, rather than in the same retrograde pathway.
Indeed, constitutively active mutants of Rab7b (Rab7bQ67L) and Rab9 (Rab9Q66L) not only localize to different target compartments (Golgi and late endosomes, respectively), but also induce opposite effects on carrier formation from the TGN with Rab9Q66L increasing and Rab7bQ67L decreasing the number of TGN-derived vesicles (Kucera et al., 2016; Progida et al., 2010 Progida et al., , 2012 . However, Rab7b has been much less characterized compared to Rab9, and only a few effectors have been identified, including sortilin and myosin II (Borg et al., 2014; Progida et al., 2012).
Therefore, further studies are required to fully elucidate the differences in the pathways regulated by these two Rabs.
Rab6
Rab6 is another Rab protein that functions in the bidirectional transport at the crossroad between the biosynthetic and the endocytic pathway. There are four Rab6 isoforms in mammalian cells: Rab6A, Rab6A′, Rab6B and Rab6C. Rab6A and Rab6A′ are produced by alternate splicing of the Rab6a gene and differ in only three amino acids. Rab6B, is preferentially expressed in the brain and encoded by a different gene, whereas Rab6C is a retrogene derived from the RAB6A′ transcript and is expressed in a limited number of human tissues where it is involved in the regulation of cell cycle progression (Liu and Storrie, 2012; Young et al., 2010) .
Rab6A, Rab6A′ and Rab6B, are localized at the Golgi and TGN and, when active, recruit Rab6IP2 onto Golgi membranes. In cells that overexpress the Rab6-binding domain of Rab6IP2 (also known as ERC1) or a Rab6 dominant-negative mutant, or that are silenced for Rab6A′, the retrograde transport of the Shiga toxin B subunit (used as transport marker for the early endosome-to-Golgi pathway) is partly inhibited, suggesting that the Rab6-Rab6IP2 complex is involved in endosome-to-TGN transport (Del Nery et al., 2006; Mallard et al., 2002; Monier et al., 2002) . Furthermore, the recycling of CD-MPR to the TGN is dependent on Rab6 (Medigeshi and Schu, 2003) . Rab6A′ is involved in endosome-to-TGN transport, whereas Rab6A regulates the traffic between the Golgi and endoplasmic reticulum (ER) (Del Nery et al., 2006; Mallard et al., 2002) . However, the transport of ricin from endosomes to the Golgi appears to be dependent on both Rab6A and Rab6A′, indicating that Rab6A can also regulate the retrograde transport to the Golgi (Utskarpen et al., 2006) .
It has been suggested that, by being present on the TGN, Rab6 functions in regulating the targeting and docking of endosomes with the TGN. Indeed, Rab6 binds to dynactin and mediates its recruitment to Golgi membranes, thereby exerting a tethering function (Short et al., 2002) . In addition, by binding to myosin II, Rab6 controls the fission of Rab6-positive vesicles from Golgi membranes; depletion of Rab6 or myosin II impairs both this fission process and the trafficking of anterograde and retrograde cargo from the Golgi (Miserey-Lenkei et al., 2010) .
Rab6 is not only involved in endosome-to-Golgi transport, but also in other trafficking pathways that take place at the Golgi, such as retrograde transport from Golgi to ER, as well as intra-Golgi and Golgi-to-plasma-membrane transport (Del Nery et al., 2006; Grigoriev et al., 2011) . The function of Rab6 in both tethering vesicles to acceptor membranes and in their fission from donor compartments explains the multiple membrane trafficking pathways that are regulated by Rab6 at the Golgi.
Other Rabs
In addition to Rab9, Rab7b and Rab6, other Rabs have also been shown to have effects on the bidirectional transport between TGN and the endosomal compartments. However, their role in the regulation of this pathway is less clear. An interesting question that still remains unanswered is why several Rabs are involved in the same trafficking pathways. Do these Rabs regulate the exact same transport route, or do they contribute to different steps in the pathway? As different Rabs are characterized by different proteinprotein interaction networks, one could speculate that more than one Rab is needed to successfully complete a given transport step.
It is also possible that a number of Rabs that are localized both at endosomes and TGN are required to regulate the trafficking routes between these compartments in different cell types. For example, Rab7b is highly expressed in immune cells such as dendritic cells and shows highly variable expression levels during differentiation (Berg-Larsen et al., 2013; Progida et al., 2010) . Conversely, another Rab protein, Rab31 (also known as Rab22b) is highly expressed in brain tissue (Ng et al., 2009) .
Live-imaging studies have demonstrated that Rab31 has a role in vesicle formation and in tubulo-vesicular transport from the TGN to endosomes (Ng et al., 2007; Rodriguez-Gabin et al., 2001 ). Rab31 interacts with Lowe oculocerebrorenal syndrome protein (OCRL) in oligodendrocytes (Rodriguez-Gabin et al., 2010) . OCRL is a phosphatidylinositol 4,5-biphosphate [PtdIns(4,5)P 2 ] 5-phosphatase, which regulates the levels of PtdIns(4,5)P 2 and phosphatidylinositol 4-phosphate [PtdIns(4)P], both lipids involved in vesicular transport at the Golgi (Suchy et al., 1995) . Rab31 and OCRL colocalize in the TGN and endosomes, as well as in carriers that bud from the TGN. Interestingly, post-Golgi carriers positive for Rab31 and OCRL contain MPRs, suggesting that Rab31 recruits OCRL-1 to the TGN to mediate the formation and sorting of MPRs carriers (Rodriguez-Gabin et al., 2009 . However, a possible involvement of Rab31 in the transport from early to late endosomes has also been suggested (Chua and Tang, 2014; Ng et al., 2009; Rodriguez-Gabin et al., 2001) . Therefore, further studies are necessary to clearly define the intracellular pathway(s) regulated by Rab31 and to understand how the different Rab31-dependent functions integrate with each another.
In addition, the more recently identified Rab29 (also referred to as Rab7L1) has also been reported to mediate endosome-to-Golgi transport of MPRs . Finally, another set of Rabs including Rab11, Rab13 and Rab14, are involved in transport between the TGN and recycling endosomes, a specific subset of endosomes (Jing et al., 2010; Junutula et al., 2004; Nokes et al., 2008; Ullrich et al., 1996; Wilcke et al., 2000) . However, it is unclear which roles these Rabs have in the transport between endosomes and Golgi and whether they are actively involved in its regulation or whether the reported effects are indirect and caused by alterations in normal Rab functions. It should also be noted that most of the work on Rab proteins and other components of the bidirectional transport between endosomes and Golgi, such as that involving MPRs, has been conducted in cell lines, and this might not necessarily reflect the trafficking in more specialized cells in vivo.
Transport steps between endosomes and the TGN
The bidirectional trafficking between endosomes and the TGN comprises multiple transport steps, which involve formation of carriers and their transport from the endosomal pathway to the TGN, followed by tethering and fusion at the Golgi and TGN, as well as The bidirectional transport between the endosomal system and the Golgi comprises three main steps: (1) formation of transport carriers from the maturing endosomes towards the TGN; (2) tethering and fusion of these vesicles with the TGN membrane and (3) formation of transport carriers originating from the TGN and moving towards the maturing endosomes.
(1) The retromer complex is present on the membranes of maturing endosomes. It consists of a Vps trimer responsible for the recruitment of the cargo to be delivered to the TGN and of a SNX dimer. SNXs sense and bind to endosomal tubular membranes. The retromer recruits the WASH complex, which mediates the formation of tubular carriers by promoting actin polymerization. Finally, SNXs bind to the dynein-dynactin motor complex that is directed towards the microtubule minus end. (2) Once an endosomal carrier reaches the proximity of the TGN, it is recognized and captured by tethering molecules (e.g. golgins), which extend from the TGN membrane. The Rabs present on the vesicle interact with tethering factors through specific Rabbinding sites in the tethers. Movement of the vesicle towards these Rab-binding sites will bring it into closer proximity with the TGN membrane for SNAREmediated fusion. (3) At the TGN, carrier formation is mediated by the small GTPase Arf1, which recruits adaptor proteins, such as GGAs, AP-1 and clathrin, to TGN membranes, thereby inducing membrane curvature. Here, N-WASP promotes actin polymerization, which, together with myosin motors, provides the force necessary to initiate carrier formation. Actin, together with dynamin, then mediates the fission of carriers from the TGN. Nascent post-TGN carriers are transported by kinesins to the endosomal pathway along microtubule tracks.
carrier formation at the TGN and their transport to the endosomes (Fig. 2) . These steps are not only mediated by Rab proteins, but also by specialized protein complexes, such as the retromer, tethering complexes and SNAREs, as discussed below.
Endosomal carrier formation
One of the main factors in the trafficking from endosomes to the TGN is the retromer complex (for recent reviews, see Burd and Cullen, 2014; Gallon and Cullen, 2015; Mukadam and Seaman, 2015; Seaman, 2012) . The retromer is a multisubunit complex originally identified in yeast that is involved in the retrograde trafficking of sorting receptors (Seaman et al., 1998) . Indeed, silencing of retromer subunits, such as Vps26 (which has two isoforms in mammals, Vps26a and Vps26b), Vps29 or sorting nexin 1 (SNX1), inhibits the retrieval of the CI-MPR from the endosomes for its reuse in the TGN, thereby targeting the receptor to lysosomes for degradation (Arighi et al., 2004; Carlton et al., 2004; Seaman, 2004) . The mammalian retromer complex consists of a dimer of sorting nexins (a combination of SNX1, SNX2, SNX5 and SNX6) and the Vps26-Vps29-Vps35 trimer. SNXs contain phox homology (PX) and BAR (Bin, amphiphysin, Rvs) domains, which are responsible for the association of the retromer with endosomal membranes. Indeed, the PX domain binds to phosphatidylinositol 3-phosphate [PtdIns(3)P], a phosphoinositide present in the membranes of endosomes, whereas the BAR domains bind to highly curved membranes, such as those in tubular endosomes. The Vps26-Vps29-Vps35 trimer is in turn responsible for cargo recruitment by binding the cytosolic tail of transmembrane receptors (Arighi et al., 2004; Mukadam and Seaman, 2015) . Recently, it has been demonstrated that Vps35 recruits retromer to membrane by recognizing SNX3 and Rab7a (Harrison et al., 2014) . The key role of Vps35 in retromer recruitment is further supported by the evidence that mutations in the VPS35 gene are associated with neurodegenerative diseases, such as Alzheimer's or Parkinson's (see Table 1 ). However, whether SNX3 associates with the entire pentameric retromer complex or only with the Vps trimer as an alternative to the SNX dimer in order to mediate the transport of distinct carriers, as previously suggested (Cullen and Korswagen, 2012; Harterink et al., 2011) , needs to be further investigated.
The next step following cargo recruitment is the formation of tubular carriers. To that end, the WASH complex is recruited by the retromer to the base of the endosomal tubules and, together with Arp2/3, promotes actin nucleation. It has been suggested that, by promoting actin polymerization, the WASH complex is responsible for generating the F-actin-driven forces that are necessary to catalyze endosomal membrane fission (Derivery et al., 2009; Gomez and Billadeau, 2009 ). Finally, the interaction of the SNX5-SNX6 dimer with the p150 glued (also known as DCTN1) subunit of the dynein-dynactin motor complex promotes the minus-enddirected transport of vesicles along microtubules until they reach the TGN where the high concentration of PtdIns(4)P in the membrane promotes the dissociation of SNX6 from p150 glued (Niu et al., 2013; Wassmer et al., 2009) .
It is noteworthy that the retromer complex is present on maturing endosomes that correspond to intermediates in the early-to-late endosomal transition, and here Rab7a is responsible for the recruitment of the retromer trimer to the endosomal membrane (Bonifacino and Rojas, 2006; Rojas et al., 2008; Seaman, 2012) . As a consequence, the retromer mediates the budding of tubular cargo from endosomal membranes as soon as Rab7a has been acquired. The direct link between retromer activity and Rab conversion during endosomal maturation is in line with its main function, which is to rescue cargos from lysosomal degradation by directing them towards the TGN (Burd and Cullen, 2014; van Weering et al., 2012) .
Interestingly, different SNXs can associate with the retromer Vps trimer, and it has been suggested that these alternative retromer components mediate the recycling of cargos through different transport pathways (Cullen and Korswagen, 2012) .
Tethering at the TGN
Once the endosome-derived carriers reach the proximity of the TGN, tethering factors, such as the Golgi-associated retrograde protein (GARP I) complex and golgins capture these incoming transport vesicles to promote their fusion to the TGN membrane. The final fusion step is then mediated by SNAREs (Bonifacino and Rojas, 2006; Gillingham and Munro, 2016) .
Golgins form homodimers that are characterized by long coiledcoil regions that allow them to capture incoming vesicles owing to protruding extensively from the acceptor membranes (i.e. at the TGN). The capture of specific vesicles is ensured by the presence of multiple Rab-binding sites in the golgin coiled-coil regions (Sinka et al., 2008) . Golgins include GCC88 (also known as GCC1), GCC185, golgin-245 (also known as GOLGA4) and golgin-97 (also known as GOLGA1), which contain a C-terminal golgin-97-RanBP2α-Imh1-p230 (GRIP) domain that is responsible for the recruitment of the Arl1 and Arl3 GTPases to the TGN. Mutations in Arl1 or Arl3, or depletion of GCC88, GCC185, golgin-245 or golgin-97 impair endosome-to-TGN transport (Bonifacino and Rojas, 2006; Lieu et al., 2007; Lu et al., 2004; Panic et al., 2003; Reddy et al., 2006; Yoshino et al., 2005) . Golgins also contribute to the specificity of membrane recognition, as golgins with different localizations at the Golgi membrane have been shown to be able to capture vesicles of different origins (Wong and Munro, 2014) .
The GARP I complex comprises four subunits (Vps51, Vps52, Vps53 and Vps54) and is responsible for the tethering of endosomederived vesicles at the TGN by binding to the Arl5 GTPase (RosaFerreira et al., 2015) . Silencing of any of the GARP subunits inhibits the retrograde transport of MPRs, TGN46 and the B subunit of Shiga toxin (Perez-Victoria et al., 2008) . More recent evidence also suggests the involvement of additional tethering complexes in the endosome-to-Golgi transport pathway, such as the COG and Dsl1 complexes (Arasaki et al., 2013; Hierro et al., 2015; Laufman et al., 2011) .
SNAREs are membrane-bound proteins containing coiled-coil motifs (SNARE motifs). A total of 38 different SNAREs exist in humans, and these localize to different intracellular compartments where they regulate fusion events (for more information about SNAREs and their mechanisms of action, see the following reviews: Bombardier and Munson, 2015; Hong and Lev, 2014; Malsam and Sollner, 2011) . They are classically divided into t-SNAREs, present on the target membrane, and v-SNAREs, which are localized on transport vesicles. The interaction of one SNARE motif in a v-SNARE with three t-SNAREs leads to the formation of a twisted parallel four-helix bundle that brings the two membranes in close proximity. The energy released during this assembly promotes membrane fusion (Li et al., 2007) . After fusion, ATPase Nethylmaleimide-sensitive fusion protein (NSF) and α-soluble NSF attachment protein (α-SNAP) catalyze the disassembly of the SNARE complex, releasing the SNAREs for new fusion events. A different classification has been introduced because some SNAREs are present on both vesicles and target membranes. This newer classification, which divides SNAREs into R-and Q-SNAREs, is based on their crystal structure (Fasshauer et al., 1998) .
Several SNARE complexes and regulators are involved in the endosome-to-TGN transport, including syntaxin-6-syntaxin-16-Vti1a-Vamp4, syntaxin-6-syntaxin-16-Vti1a-Vamp3, syntaxin-10-syntaxin-16-Vti1a-Vamp3, and syntaxin-5-GS28-Ykt6-GS15 (GS28 and GS15 are also known as GOSR1 and BET1L, respectively) (Ganley et al., 2008; Mallard et al., 2002; Tai et al., 2004; Wang et al., 2005) . In addition, tethering factors interact with SNAREs and promote their assembly. Indeed, it has been shown that the GARP I complex specifically interacts with the SNAREs syntaxin 6, syntaxin 16 and Vamp4 to promote endosome-to-TGN transport by mediating both vesicle tethering and assembly of SNARE complexes (Perez-Victoria and Bonifacino, 2009 ). In addition, the COG complex interacts with SNAREs, including the syntaxin-6-syntaxin-16-Vti1a-Vamp4 complex, thereby regulating SNARE complex assembly and the associated endosome-to-TGN transport steps (Laufman et al., 2011 (Laufman et al., , 2013 .
The interaction between tethering factors and SNAREs is also important for the efficiency, specificity and spatio-temporal coordination of membrane fusion. However, how these events are regulated is still unclear.
Cargo vesicle formation at the TGN As discussed above, the retromer complex, together with accessory proteins, actin filaments and microtubules, is involved in the formation of cargo vesicles being transported from the endosome to the TGN. Similarly, the formation of carriers from the TGN that are directed towards the endosomal pathway is facilitated by coat and adaptor proteins, actin and the microtubule cytoskeleton.
Carrier formation at the TGN is initiated by the assembly of a coat that bends the membrane and generates a bud. Several proteins are involved in this process. Upon activation, the small GTPase Arf1 is recruited to Golgi membranes, where it recruits coat protein complexes (Puertollano et al., 2001; Ren et al., 2013) . The cytosolic tail of the cargo contains sorting signals, which, together with Arf1, recruit AP-1, GGAs and clathrin (Baust et al., 2006) . Clathrin and Arf1 induce membrane curvature, which is further regulated by the lipid composition of the surrounding membrane and the action of lipid-modifying enzymes (Krauss et al., 2008) . Indeed, both GGAs and AP-1 bind to PtdIns(4)P and Arf1 (Ren et al., 2013; Wang et al., 2007 Wang et al., , 2003 . Furthermore, the activation of enzymes that synthesize the conical lipids phosphatidic acid and diacylglycerol promotes membrane budding (Asp et al., 2009; Schmidt and Brown, 2009 ). However, whether GGAs and AP-1 cooperate in the process of carrier formation at the TGN, or whether they function independently, is still debated (Daboussi et al., 2012; Doray et al., 2002; Hirst et al., 2012) .
BAR-domain-containing proteins that sense membrane curvature are recruited to the budding sites by binding to phosphoinositides or proteins associated with TGN membranes (Itoh and De Camilli, 2006; Prouzet-Mauleon et al., 2008) . BAR domain proteins are also able to bind to neural Wiskott-Aldrich syndrome protein (N-WASP, also known as WASL), which in turn promotes actin polymerization through Arp2/3. Actin polymerization, combined with the action of myosin motors, provides the force that is necessary to elongate membrane buds (Almeida et al., 2011; Anitei and Hoflack, 2012) . The fission of carriers from the TGN occurs through the coordinate action of actin, myosin II, Rab6 and dynamin, which constricts the neck of the elongated carrier (Kessels et al., 2006; Miserey-Lenkei et al., 2010) . Microtubules assist in carrier biogenesis and also constitute the tracks that are followed by the nascent carriers after they leave the TGN (Anitei et al., 2010; Miserey-Lenkei et al., 2010) .
Taken together, although the key components of the carrier formation at the TGN have been identified, it nevertheless remains unclear how these factors are coordinated and what are their spatiotemporal dynamics.
Conclusions
In the past few years, the development of high-resolution live-cell imaging has made it possible to better define the endocytic pathway as a continuum of dynamically maturating endosomes rather than a set of static compartments with clearly defined boundaries. In light of this emerging notion, the bidirectional transport between the TGN and the endosomal system has to be reconsidered as a continuous exchange of material that occurs at different times during endosomal maturation rather than at specific distinct compartments. Such a model of exchange between maturing endosomal compartments is also able to consolidate the ongoing debates regarding the entry point of factors such as sorting receptors into the intersection of TGN and endosomes.
Although there has been a great progress in deciphering the main players involved in these transport pathways, several key questions remain, including how the different machineries are coordinated to regulate the same transport step, what is the precise spatio-temporal regulation of carrier formation at the TGN and how can the tethering factors coordinate the specific carrier recognition with membrane fusion at the TGN. Furthermore, an increasing number of diseases are associated with defects in factors or mechanisms that regulate the bidirectional transport between endosomes and Golgi. These include not only lysosomal storage disorders such as mucolipidosis or Gaucher disease, which are caused by defects in the transport of lysosomal enzymes, but also neurodegenerative diseases, such as Parkinson's or Alzheimer's disease (see Table 1 ). The study of genetic disorders affecting these pathways can provide important information regarding the specific function of the associated factors and clinical effects. Therefore, a full understanding of these processes is of utmost importance for the design of therapeutic strategies to combat these conditions.
